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Abslriid. ‘1’bc gravitation and celestial mechanics investigations during the cruise phase aad Orbiter phase
of the Cialilccr  mission depend on lJopplcr  and rangiag mcasurcmcats  generated by the lJCCP Space Network

t (IJSN)  at its three spacecraft trackiag  sites in Califmaia,  Australia, and Spain  Other investigations which
also rely on IISN  data, and which Iikc ours fall oadcr  the general discipline of spacecraft radio scicocc, arc
dcscribcd in a companion paper by }Ioward e/ of. (1992). WC gmLIp our investigations into four broad
categories as follows: (l)thc determination of the gravity fields of Jupiter and its four major satellites during
the orbital tour, (2) a search for gravitational radiation as cvidcnccd  by perturbations to the crrhcrcnt
])opplcr  link bctwccn the spacecraft and liarth,  (3) the n]nthcmatical  modeling, and by implication tests,
of general relativistic cflccts  on the IJopp]cr and ranging data duriog both cruise and orbiter phases, aad
(4) an in]prrrvcmcnt  in the cphcmcris of Jupiter by means of spacecraft ranging during the Orbiter phase.
‘1’hc  gravity fields arc accessible bccausc of their effects on the spacecraft motioa,  determined primarily from
the lhpp]cr  data. For the Cialilcan satellites wc will dctcrminc  second dcgrcc  and order gravity harmonics
that will yield new informaticm  on the central condcnsatioa  and likely composition of material withia these
giant satellites (I Iubbard  aad Aadcrson,  1978). The search for gravitational radiation is bciag conducted
in craisc for periods of 40 days ccatcrcd  around solar opposition. I)uring these times the radio link is least
affcctcd  by scintillations introdnccd  by solar plasma. Our sensitivity to the amplitude of sinusoidal signals
approaches 10 1s in a band of gravitational frcqucncics bctwccn 10 4 and 10- 3117,  by far the best
sensitivity obtaiacd  in this band to date, la addition to the primary objectives of our investigations, wc
discuss two secondary objcctivcs: the dctcrmiaation  of a range fix oa Venus during the flyby 0010 I’cbruary,
1990, and the dctcrminaticrn  of the Earlh’s mass (Ghl)  from the two }:arth gravity assists, EGA] in
I>cccmbcr  1990 and l;.GA2 in l}cccmbcr 1992.

1. introduction

~’hc gravitational invcs(igatims  discussed in this review arc a subset of radio scicncc
invest igat ions that usc the Clalilco tclccor]ll)l~]l]icatiol)  subsystcm and }iarth-station
radio systems of the Deep Space Network (DSN).  lJnlikc  the Voyager mission to the

!
outer p]ancts, where there was onc radio scicncc team rcprcscnting  both gravitational
scicncc and propagation scicncc, NASA has follmvcd the examples of earlier missions

* and 113s sclcctcd-for  the G alilco mission two cxpcrimcnt teams rcprcscnting  rcspcctivcly
t hc two scicnt;&  djs,cipli~?c#(scc the companion paper by 11 oward e/ al. ( 1992), for
details and for a dcscriptim  of the overall rwdio-scicncc  systctn). 13ccttusc the two teams
have itlstrlll~lctltatio]l in common, there is an inevitable overlap in the overall planning
of radio scicncc activities, both in the spacecraft sequencing and in the I}SN scheduling.
Ncvcrthclcss,  wc review here only the gravitational scicncc which is organized as
follows. Anderson is the ~’canl 1.cadcr  for Gravity and Celestial hfcchanics;  hc proposed
investigations in the area of cclcstial mechanics, including relativistic time delay and
relativistic rcd shift. Iistabrook  and Armstrong arc ~’cam Members; they proposed a
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search for gravitational radiation. Campbell is Scicncc Coordinator for the team, atlci
in addition is involvccl in the analysis of data for the cclcstial mechanics invcstigaticms.
Krishcr is participating in the relativistic cclcslial mechanics, including the relativistic
time delay and rcd shift cxpcrimcnts. 1 au is participating in applications of the J]’],
cphcmcris systcm to the cclcstial mechanics cxpcrimcnts, in par[icu]ar the tests of
general relativity and the impmvcmcnt  of Ihc J upitcr cpbcmcris.

At this early stage in the mission, wc have rcccivcd  data from the VCIILIS  cncountcr,
the first lhrlh Gravity Assist (liGAl ), and the cruise phase. WC arc actively engaged
in the analysis of these data and in planning our cxpcrimcnts for the cruise .gravitational-
wavc opportunities and (11c next liarth  flyby, 11GA2.  As with any planning activity m
space missions, the optimization  of spacecraft and I)SN  radio systems, spacccraf~
trajcctorics,  and mission operations for our (cam must bc accomplished in competition ‘
with other mission and scicncc requirements, hcncc the ideal conditions for gravitational
scicncc will bc achicvcd  only rarely. Yet even uncicr  lCSS than ideal conditions, wc arc ,
satisfied with the current status of mission planning, not only for the cruise cxpcrimcnts
prior to Jupiter arrival, but also for the high-priority mcasurcmcnts  of the gravitational
ficlcis of the Galilcan satellites during the satellite tour. ‘1’hc Galileo mission oflcrs major
ncw opportunities for gravitational scicncc and cclcstial mechanics.

Radio data for our team consist of rangin~ and lhpplcr mcasurcmcnts  gcncratcci
by the lISN at its three sites at Goldstonc  California, near hladrici  Spain, and near
Canberra Australia. 311c IJSN uscs low-noise, highly phase-stable rcccivcrs, and a
distribution systcm for frequency and timing based on hycirogcn  masers. I’bcsc systems,
continually unclcr improvement, make use of the latest Iccbnologics in digital electronics
and fibcroptics,  forcxamp]c.  ‘Ilough  tllcscit]]]>rc~vcl~~ct~ts arcpri]~]aril~]]lotivatcd  by
the rcquircmcnts  for tracking and communicating with spacecraft in deep space, for
example l’ionccr 10/11 and Voyager 1/2 at ciistanccs  beyond the orbit of Neptune, wc
rccogni?ct  hat ]lc\]'or  ill~plovcdr adios cic]lccl ~~casLlrct~lcllts arcoftcn  cnablcci aswcll.

T’hc importance of frequency stability in the cncl-to-cnci I)opplcr  Systcm  will bc
ciiscusscd for each of the investigations in the following sections. “1’hc  general idea is that
gravitational fields, whether produccci by asicroi(is, i>lancls,  satcliitcs or even gravi-
tational waves (GW), \viii aflcct the path of the Gaiiico si>acccraft and hcncc tbc
f r e q u e n c y  ofthcraciio ]inkbctwccn  IJSN stations  and ti~c spacecraft .  “1’hclowcrtijc  ,
noiscin  tilcradio iinkovcr  tilcfrcqucncy  band ofintcrcst, thcsmailcrt  i]cgravitationai
signai that can bc cictcc[cd anti mcasurc(i  in th:tt band. Our task is to icicntify and
subsequently mcasurcg  ravitationai sigaaistilat yield information on masses, dcnsitics, .
and thcintcmal structurcof plmcts and satcilitcs. 111 somccascsthc sensitivity is good
cnougb totcst thcfounciations  of gravitational ti~cory at tile }{instcin  lcvci, CM to scarcil
for GW’  prodacccl  by cxtrcmc events at the galactic ccntcr or in cxtcrnai active galactic
nuclei, or even in tile cariy universe, inciu(iing the Big Bang.

Untii May 1991, aii I)opi>lcrancl ranging  data arc bcinggcncratcd  with thcspacc-
crafl’s  low-gain antenna, thus the l{arth-spacecraft uplink is limited to 2215 N411z
(14.17cm  wavclcngtil)  in tile raciio S-band.  Witil the unfuriing  of tile si>acccraft’s
l]igi~-gaill:itltcl~  llaitl May 1991,  tl]cill>ii]]k  flc(]Llc]]cyc  at~bcciti]cr m2115M}1zor,by
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using sclcctcd  34-1)1 radio antennas at each of the three I)SN shcs, the uplink can bc
transmitted at m 7167 M}17 in (1]c ,1’-bancl. Upon rccciving  either the S-band or X-band
transmission from the gmtmci, but not both simoltancously, the spacccraf(’s  transponder
and radio subsystcm will generate the phase cohcrcnt,  simultaneous downlink signals
with an S/A’ carrier cohcrcncy ratio of 11/3. “1’hc  transpondcd  signals will be transmitted
by the spacecraft with up to 20 W of power beamed to the liarth  through a 5-III  parabolic
dish, the high-gain anlcnna If the high-gain antenna is not fully clcploycd as p]anncd,
all our invcsiigations  \\ill bc carried oat at S-hand osing the low-gain antenna.

‘1’hc acivantagc  of generating l)opp]cr  ancl ranging data with ,1’-bancl cm both the
uplink and downlink lies in the reduction of plasma c~ccts in radio-frequency n~casurc-
mcnts at higher frcqucncics. Rccausc the refractive index of cold plama is invcrsc]y
proportional to the sqoarc of the frequency of the link, the pcrtorbations  of the radio
phase arc inversely proportional 10 the first pmvcr  of the frcc]ocncy.  in terms of a figure
of merit, cicfincd by frequency floctoations  divided by the ccntcr frequency for the link,
the improvement goes invcrsc]y as the radio frcqocncy  squared. ‘1’hc scintillation noise
in the beamed radiation is rcdoccd by a factor (3/1 1)2 for X-band I)opp]cr  with respect
to S-band. Similar]y, the uncertainty in the group  vc]ocity of the ranging modo]ation
(pseudo-random cmlc) is rccluccd by a factor of (3/1 1)’ for X-band ranging, Another
advantage of the Galileo spacecraft is that the Iargcr  high-gain antenna, compared to
the 3.66-nl dish usccl on Voyager, \vill yield aboot a 38 LJIJ antenna gain at S-band and
about a 50 d]] gain at X-band. Oncc the high-gain antenna is unfurlcci,  the gravitational
investigations will no ]ongcr bc limited by a poor signal to noise ratio at the IJSN
rcccivcrs, whether located at 34 m or 70 m st:itions. Although  in princip]c  it is possible
to integrate any cohcrcnt radio signal for a long enough time that the phase can bc
mcasorccl  to a fraction of a cycle, in practice there arc limits to what can bc done with
a weak signal buried in noise. Besides, for some of our mcasurcmcnts,  in particular the
GW search and the dclcrmination  of mass signals rich in high-frequency harmonics, wc
arc intcrcstcd in relatively short IIopptcr  integration times in the range of 1 to 10 s. l~or
comparison, the C] W search with ]’ionccr  10/ 11, lin~ilcd by a weak signal from the
spacecraft’s 8 W transmitter and 1 m dish, rcqoircs  1Xqq31cr  integration times of 100 s
or lon,gcr (Anderson e[ al., 1990a). Of course at some point integration times can bccomc
so long that systematic cfTccts from soarccs  such as intcrp]anctary  plasma  arc important,.
not poor signal to noise, but for Galileo this occurs for periods ]ongcr than 1000 s at
.l’-bancl.  IJortunatc]y,  even at Jupiter distance, there will bc plenty of signal at both X-

. and S-bands. Signal to noise is not a concern for any of our c.xpcrimcnts.
A primary aim of the cclcslial mechanics cxpcrimcnts is 10 measure the shapes of

the gravitational fields of Ganymcdc,  Io, and liuropa.  ‘1’hc results will allow us to make
a better selection of models for the interior of the satellites. ‘1’hc cxpcrimcnt provides
data cm the masses and mmncnts  of incr(ia,  and these data constrain the central density,
diflcrcntiation of materials within the satellites, and chemical composition and physical
states of the interiors. l’his is possib]c  bccausc Galileo will approach the satcliitcs much
closer than did any earlier spacecraft, hcncc gravitational forces will bc larger and easier
to observe.
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2. Gravitational lhpcrimuts l)uring Cruise

Ongoing  investigations and data analysis at the time of the writing of this review
concern (1) an liar[h-Venus range fix from the Venus cncountcr  on 10 }:cbruary,  1990,
and (2) a test of the redshif(  of the rmboard Uhra  Stable Oscillator ((1S0) in the
gravitational field of the Sun.

Galileo is only the second U.S. spacecraft to provide ranging data at Venus. ~’hc first
transpondcd  ranging at Venus was gcncratcd with Mariner 5, but an accurate range fix
to the planet \vas not obtained. lnstcad,  the emphasis was Llpon combining the spacccrall
radio data with simultaneous radar ranging to Venus to dctcrminc the radius of the
planet (Anderson et al., 1968). Galileo’s ranging data cluring cncountcr  will provide data
on the Venus cphcmcris. Unfortunately, the two lJ. S. orbiters of Venus do not have a
ranging capability: }’ionccr  12 (IWO) bccausc  of a spacecraft radio systcm dating from
the early days of the }’ionccr  missions (no ranging transponder), and Magcllan bccausc
NASA rcjcctcd all relativity proposals that would have placccl a rcquircmcnt  on the
M agcllan mission for ranging. With no rcquircmcnt for ranging, the Magcllan l’rojcct
used the ranging port of their transponcicr  for a tclcmc[ry  channc], thus gaining a
much-nccdcd incrcascd bit rate. nut even in the abscncc of spacecraft ranging, data
from radar altimeters on PVO and Magcllan will result in improvements to the
cphcmcris. l’hc limiting error in ground-bascci  radar  ranging to Venus is km-sized
topographic variations on the planet. By calibrating the radar ranging for distances
bctwccn  the ccntcr of mass of Venus and the sub-radar points on the planet’s surface,
as dctcrmincd by the altimeter data (1’cttcngill  e[ al., 1980), a much improved set of
Venus radar ranging will result. I’hc accuracy will not bc as good as what could bc
obtained by ranging 10 an orbiter, but the r.m. s. radar ranging residuals will bc improved
from about 10 ps to about 1 ps, comparable to the accuracy of the Galileo range fix.

Wc arc in the process of analyzing the Galileo ranging data gcncratcd during the Vcnis
cncountcr.  Ranging residuals rcfcrcncccl to a best-fit flyby orbi( arc shown in liigurc 1.
Wc estimate that (I1c rcduccd range fix bctwccn the ccntcrs of mass of liartb  and Venus
will bc accuralc  to about j 1.0 ps ( j 150 m in distance). ~’his information, in conlbi-
nation with radar ranging to Mercury and Venus dating back to 1966, as WCII as the
Viking 1.andcr  ranging to h4ars bctwccn 1976 and 1982 and the Mariner 10 range fixes
to h4crcury,  will bc used to improve the cphcmcridcs of the inner planets and to check
for agrccmcnt with current gravitational theory. l;or example the culrcnl  determination
of the cxccss relativistic precession of Mercury’s perihelion, 42.96 arc scc pcr century
in cxccss of the inertial 53(I arc scc pcr century from p]anctary perturbations, is accurate
to 0.2 arc scc pcr century and is in agrccmcnt with General Relativity (Shapiro er al.,
1976; Anderson e[ al., 1987, 1990b). ‘Ihcrc  is a potential for improving this result by
about a Oactor of 2 by analyzing all available ranging data for the inner planets, including
the Venus radar ranging calibrated for topography and the Galileo range fix. lmprovcd
accuracy for the general relativistic paranlctcr  al maybe obtained as well (SCC Will, 1981,
for a definition of al as well as other parameters that characterize general relativistic
orbital corrections).
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TIME IN FiOURS FF{OM  FEf3FlUARY  9, 1990,06:00 UTC

l’ig. I, Raagiag  residuals  (crbscrvcd range minas coa~patcd  raage)  for the cncoanter  of the Gal i leo
spacecraft with Vcaos ott 10 ]icbraary,  1990. I’hc rcsidoals corrcspmd  to raagiag  data gcaerated  at three
70-nl  JISN stations (I JSS14, 11 SS43, 1JSS63)  The anits for the rcsiclaals  (R(l)  arc cxprcssecl  ia term.s of
the ootpLlt from the raogiag hardw)arc aod arc a faaction of the cxcitcr frcqocacy. For the Vcaas caccmatcr,
1 1<[1 = 1.056 ns of maad-trip  time delay, or 0.1S8 m in distaacc  1 hc r.m. s, rangiag rcsidaal  is aboat 7 ns

(1,1 m). Aay oaknowa  bias in the data is Icss than 80 m.

Another application of more accurate cphcmct’ides for the inner platlcts  is to dctcr-
minc or limit a possible time variation in the gravi(ationa]  constant G as mcasurccl  in
atomic units. I’he cphcmcriclcs  arc based m astronomical cphcmmis time as indcpcn -
clcnt variable, but the mcasurcmcnts  of range arc made in atcmic-time units, hence it
is operationally possible (O detect a systematic ditTcrcncc bctwccn cpbcmcris time and
atomic time that could bc attributahlc  to a time-varyiag G.

“1’hc  cxpcctcd cflcct is small. l;oL’ a I ]ubb]c constant 11{, of 75 km s 1 Mpc 1, the
cosmic expansion rate is 7.67 x 10- J 1 yr” 1. ‘1’hc orbital motion of the binary pulscr
1’S1{  1913+ 16 yields a dctcmination of b/G of (1.0 j 2.3) x 10 11 yr - 1 , a result that
is cmsistcnt with Y.cro (IJamour  e{ at., 1 988). 1 .unar laser ranging to corner rcflcctcrrs
m the Moon, and Viking 1.andcr  l)SN ranging, can bc LISCCi to limit I ~/G  I (Williams
e[ al., 1978; J Icllings et al., 1983; Rcascnbcrg, 1983), 11OWCVCI  both the Moon and Mars
arc aflcctcd by dynamical systematic noise (gcopbysical  cflccts  for the Moon and
unknown asteroid masses for A4ars), and it is generally agreed that a limit of
l(;/Gl  <3x10-  llyr - 1 is the best that can bc achicvcd  with either of tbcsc bodies at
present, although the work of I Icllings et ol. (19.S3) wouid suggest that a limit sorncwha[
smaller than this could ultimately bc achicvcd  with confidence by means of a careful
modclling of the asteroid belt bctwccn  h4ars and .lupitcr. 311c motions of Mercury,
Vcaus ancl l;artb  arc not so aflcctcd  by the astci’oicis, hcncc by turning OLlt’ attention
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to ranging  data  for McrcLIIy and Vcaus,  :ind by u s i n g  t h e  Viking  1.mclcr data to
dctcminc the mbit of tbc liarth,  it sboLIld  bc possible to clctcminc  {i/G with a 10
acclll’acy of j 0.2 x 10- ‘ ‘ y“ ‘ (An(icrson  et (I/., 1990 b).

Another prcdicticm of General Rc]ativity  that is being tested with the Galileo spacc-
craft dLtritlg crLlisc istllcgra\'itat iol]alrcdsllif~ itltllc  ficldoftl~c Stltl(\$~ill,  1981 ;Krishcr,
1990). Onlycmcmcthml  hashccn used prcvious]ytotcst the solar rcdsl~ift.  ’I’tlis has
involved dctcminin. gthc shift it) thcpositicms  of spectral lines of elements in the Sun.
‘1’histypcof  mcasurcnlcnt  is ciifJlcult topcrform  accurately, however, resulting so far
in only a 5(% test of tbcrcdsbifl  (Snider, 1972, 1974). ‘1’]lclllcasllrclllctl[ with ~JdilcO

clcpcnds  cm observing the gravitational shift  in the frcc]ucncy of an oscillator deep within
tllcgra\'itatiollal  l>otclltial oftllc SLlll. "l`llclocaticJll  oftllcsIlacccraft intbc Sua’sficld
is dctcrminccl  by the pbasc-mhcrcnt  I)opp]cr data basccl m the transpcmdcci  radio
signal. ‘]’hcn  the mcasurcmcnt  of frcqLIcncy  at the spaccct’aft is accmnp]isbcd b y
breaking the phase lock with the uplink. l’bis noncohcrcnt  transmission is rcfcrcnccci
to an oven-controltcd crystal oscillator, the U]tra  Stable Oscillator (~JSO),  a spare
Voyager (1S0 with similar frequency stability to tbosc flmva on Voyagcrl  and
Voyagcr2.  ‘1’hc onc-siciccl power spcctrtil ctcnsi(y of the Voyagcr2  11S0 is shown in
l;i.gurc2 over a range of l;ouricr frequency from 2X 10” ‘Ilz (1~-hour  period) to
0.511~ (2-s pcrioct).  ‘1’hc spectral clcnsity  rcprcscnt stbcnoiscin  fractional frequency
Av/vfor  Voyagcr2  noncohcrcnt  transmissions during its crLlisc. At low };ouricr frc-
qacncics thcnoisc ischaractcrizccl  by acmnbination  of a flicker-frcqLlcncy comJxmcnt
(,f” l)atlda ralldol}l  m'alkcolllpotlcllt  (,f-2). Att}]c SatL]rt~  flyby ill 1980 wcwcrcablc
to clctcrminc the rcdshitl  in the Voyager 1 transmissions to an accuracy of 1~0 even
illtl]c  ]>rcsct]cc  oflo\\'-frcc]L) ctlcylloisc  cllaractcrizcd  byl:igtlrc  2( Krisllcre[~il.,  1990).
A 1;<, test in the solar field is a possibility witb Galileo.

lmm 28 Novcmbcr, 1989 totl~cprcsct~t,  t1~ccoi~lllla1]d scc]ucnccf orthcspacccraft
has incluclcd a switch from cobcrcnt to noncobcrcnt  (USO  rcfcrcnccd) tracking on
roLIghly  a weekly scbcdulc.  3’WO hours of one-way USO Ihpp]cr  data have been
cxtrac[cd and rccordccl bytbc I)SN  each w’cck dtlrillg tllcscllollcollcrctlt  periods. WC

intend to follow thcfrcqucnc.y  shift in the (JSO  data as the spacecraft procccds  from
IIarth to Venus, back to tbc l;artb  at llGA1 and then to l\GA2  (SCC I;igurc 3). “1’hc
gravitational shift in the S-band transmission (2295 N411z) will bc roughly 10117, (mini-

mum to maximum frequency shift) over a period of 100 days, for a fractional frcqLlcncy
shifl  d v/v = 4.4 x 10- 9. By l~igLlrc  2, tbc worst-case estimate of the inbcrcnt U SO
random walk over 100 clays is 0.5117, (one sigma) or 2 x 10- 1‘1 in fractional frcq Llcncy,
which woLlld  imply a potential mcasLlrcmcnt accuracy of 5~0. ]Iowcvcr, by Llsing
propcr(ics of the prcdictcd gravitational frequency shift, it might bc possible to achicvc
at least anotbcr  factor of 5 improvement in accuracy, provided that possible systematic
errors do not corrupt tbc cictcrmination.

l’bc ~JSO stability charactcriz.ccl by liigLlrc 2 is spccificd in terms of the frequency
deviation from a straight-line fit to the oscillator clrifl, IIcncc,  during the data analysis
for tbc solar rcdshift, wc will remove a bias and a linear trend in the lJSO frequency
data. ‘1’hc rcsidLlal  frcqLlcncy shift over the total interval of data will consist of the
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1 ‘ig. 2. Oac-sided [~o~vcr  s]>cctral  dctlsity fortl)c:isllrct)  )ct]t. of fractional frcqucacyforthc LJltra Stable
Oscillator (lJSO) flown m Voyager 2. ‘1’hc 1 lopp]cr shifts ia LJ SO-rcfcrcaccd  traasmissicms from Voyager 2
during cruiscwcrc  rcfcrcnccd toground-bosccl  hyclrrr~,cn l~lascrs.  ’lhcrakv  data  wcrcclctrcaclccl byt’irst
rcmovitlg  cll’ccts  of spacecraft-statioa rclati\,c motion, and thca by tittiag a bias and Iincar cfrifl to tbc
rcsalting  JMpplcr  rcsidaals.’J’hc 11S0 ia the ~,alilco Orbiter’s radio systcm  is a Voyager spare, hcncc its
mrisc pmpcrtics  should bc simil:ir. ‘1’hc  spectral density can hc rcprcscntcd  by tbrcc pcrwcr laws ia l:ouricr

frccpcacyf  ’as shmvn.

rccishifl  si.gna! and red noise. \Vith a rcasmablc mcsdcl for the noise at periods longer
than  (1IC 13 hours of };igurc 2., the sigt~al  can bc cxtractccl  by s tandard  s ta t i s t i ca l

tccll13i(]Llcs  (\\ricilcr  filtcror lllitlillllll]l-variallccrcgrcssioll  ana lys i s ) .

I’bc masses of all tbc planets in the solar sys(cnl, with tbc cxccpticm of liarth  and Pluto,
lla}cbccl~d ctcrl~~illcdl  >yradiotrackillgof  spacccwft  dllritlgflybys.Notv~}’itll  liGAl
and liGA2,  the liarth  will bc acldccl to the list of planetary flybys. ‘J’hc IJSN  will .gcncratc
both transpcmdcci  ranp,c and lJopplcr  data with the Galileo spacecraft for two intervals,
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Iig.3.  }{xl~cctcd  gra\itatiol~al  redshif~ca~lscd  bysolar  gra\itya  sc\’idcllccdill raclics  transmissiomfrom
tl~c Cialilco s[>acccraft  tollartllat  13c!~~wak'clctlgttl"  ll~carrowsi  t]dicatct  l~ctit~)cso  ftllcI'et~usf  lybyat]d
tbc two llarth  gravity assists, liGA1 aacl EGA2, The t}vo insets in the Iigurc show, the cxpcctcd rcdshifts

caused by llartb  gravity for each gravity  assist. };igurc  ccsurtcsy  of J. P.l{rcnklc.

dCfillCd  bythrcc days  priortc! Cilcolllltcr  tot]] rcc days  aftcrcilcmrntcr’  at IiGA]  a n d

liGA2.  llccatlsc  tllc I) SN'sfrcclLlctlcy  alldtitlliilg  systclllisbascd cm hydmgcn-maser
frequency standards, the instrumental error in measuring the I)opplcr  shift will bc better
than 2 X 10- 14 in fractional frequency hv/v for sLlflicicntly  long IJopplcr  Intc.gration
times. ‘1’hc  cmrcspcmding mcasurcmcnt  of veloci ty wil l  bc accurate to about
3X lo-~lns” ‘, with a seeming possibility of measuring GM of the ltarth  to an
accuracyof about oncpatl pcr billion. But in fi~ct the actual crmrin tl~c~l~casllrct~lcr~t
could bc as much as afactorof 100largcr than that, Several considcraticms contribute
tothispossibly  largcrcwor.  h40st il~~]>ort:itltly,  tl~cil~strLll~lclltal  error, rcfcrcnccd asit
is tothc hydrogen masers, is a fraction of the total error budget for the clctcrmination
of GM. Anion.gothcrimportant error sources arc(l) thccorrclation  sbctwccn  (7A4 and
thccictcrmination  ofthc spacecraft’s trajectory, (2)noiscintroduccd into the S-band
(*2. 3 G} 1 z) radio signal by the liarth’s  troposphere and ionosphere, (3) uncertainties
inthcabsolutc ]ocation  ofthctracking s.tation sat CJoldstonc  California, near Canberra
Austr:ilia, andncar Madrid Spain, and(4) bufTcting ofthcspacccraft bydrag andby
react ion forces gcncratcd by subsystcms on the spacecraft itself. 7’llcsc ctmr sources will
bc most important for the more distant flyby l~GA1, where the error in GM could
p e s s i m i s t i c a l l y  bc as high as O.3ppnl. IIowcvcrt hcyarc]cssof  aconccrnforliGA2,
so by combiningthc  l)opplcr  data from the two flybys into a single determination of
GM, along with a determination of the two assumed indcpcnclcnt  flyby trajcctorics,  the
realistic error (1 o) in GM should  bc lCSS than 0.07 ppn~.

Ollcl\oilldthitlktllal  GMforotlro~!’l~plai~ct  wo~lldbc so~$’cll  ktlow’ll tllatatlotllcr
dctcmination  bythc Galileo flybys would bc at best superfluous. BLlt in fact thcrc arc
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s u b t l e t i e s  with previous cictcrminations  that make a relat ively st raightforward and

inclcpcndcnt  clctcrmination by the flyby tcchniqac wrorlhwhilc. Onc recognizes that tbc

external gravitational potcn[ial  function q) for the liarth  is best cictcmincd  by observing
sccolar and long-period changes in the orbits of as many artificial satellites as possible.
Yet the complexity of +, both on a local and on a global scale, ncccssi(atcs  a cictcrnli-
nation of a wicic range of spherical harmonics, with the result that there is little room
lcfl for a good clctcrmination  of the zero clcgrcc harmonic, the total mass GM.

]n fat{, it was not until 1978 m 1979 that gooci  results from satellites first bccamc
available. Rcccntly, Rics C( (//. (1 989) have clcrivcci a value of GM from Iiarth-orbiting
satellites, including l,AGI;OS.  ‘1’heir value is so accuralc  that in order to assure
consistency with General Rclativi(y, onc must specify whclbcr the result is given for
geocentric coordinates or solar-systcm baryccntric  coordinates (I]uang  e[ (/1., 1990).
111 g,coccntric comdinatcs,  the natoml coordinate systcm for liarth-satellite work, (I1c
rcsolt is G14 = 398600.4405 j 0.0010 knls s- 2 , where c = 299792.458 km s- ‘. in
solar-systcm baryccntric coorclinatcs, the systcm OSCCI  by J}’], in orbi(-clctcrl~litl:itioll
sof(warc,  the rcsLIlt woo]cl  bc about ().01  5 ppm sma]lcr,  thus the GM rcsu]t from the
Galileo flybys should  bc consistent with a valoc of GJ14 = 398600.435 i 0.001 kms s” 2.

WC mLIst wait until after liCiA2 in l>cccmbcr 1992 before wc can verify that there is this
agrccmcnt bctwccn  the IJopp]cr tracking of the Galileo spacecraft during liar(h flyby
and laser ranging to the 1,ACII@S satellite. A gomi a~rccmcnt will provicic  incrcascci
confidence that flyby determinations for other planets arc sooncl.

2.2. SIIAI<(’11  IOR GI<AVI’IA’11ONA1 RAIJIA’I  ION

“1’bcrc  is slrong theoretical soppotl  for (I1c idea tilat matter uncicrgoing asymmetrical
motion will raciiatc gravitationally, and that the radiation will propagate at the charac-
teristic spcccl c in the form of gravitational waves (GW) in the space-time metric, or
(CI1 sor potential, of ~icncrai ]<ct at ivi(y (1’hornc,  ] 987). ‘!’bough ~\~ }lavc  never been

cictcctcd with ccrlainty,  there is observational cvidcncc that the theory is correct; Ihc
prcdictccl clTcct of gravitational radiation reaction is seen in the acceleration of the mean
orbital motion of the binary pulsar PSI< 1913 + 16 (’1’ay]or and Wcisbcrg,  1989).

l~or several sclcctccl pcriocls during Galileo’s croisc to Jopitcr,  its X-band microwave
tracking link wili bc continuously monitorcci to cictcct any I)opplcr  fi-cqocncy  flLlct Lla-
tions that coolci bc causccl by passing, cosmically gcncratccl, long period gravitational
waves. ~’bcsc observations wi]l bc cond LIctcd when other spacccraf( cxpcrimcntal
activity is at a mininlum  and when the spacecraft is in the anti-solar direction (s0 that
solar plasma intcrfcrcncc with the microwave link is minimiz,cd), and will utilize the high
precision 11-maser time-keeping stanciarcis of the I)ccp Space Network. ‘1’hc rcsoltan[
overall strain (I)opp]cr)  mcasLlrcnlcnt precision will bc )1 w A v/v w 5 x 10- ls, which is
at the thrcshoki theoretically calcLtlatcd for pulses of millibcrlz frcqocncy waves from
scvcrai  classes of cxtragalactic  sources (for a comprchcnsivc  review scc Thornc,  1 987;
SciILI(Y, 1989). By obtaining up to 40 clays of continuous .l’-banci IJopp]cr, as rcqucstccl
by our team, it may bc possible to search for pcriociic  waves to a thrcshoki  of w 10- l(’.

Gravitational waves arc proJlagating  gravitational ficlcls, ‘ripples’ in the curvature of
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space-time that carry energy ant] momcn(um and move at fillitc speed. All rc]ativistic

theories of gravity agree on the cxistcncc of these Wavcsj allhoLtgh  the theories may differ
in nutnbcr of polarization slates, propagation spccci, efficiency of wave gcncraticm,  etc.
in Gcncr:il Rc]ativity, gravitational waves arc transverse, have tlvo polarization  states,
and propagate at the spcccl of light. As a lJavc passes through space, it changes the
.gcomctric curvatarc  of the space-time, in clircctions transverse to the propagation
ciircctioa.  ‘1’hus  the cflcct may bc dcscribcd as a strain in space, a dimcnsicmlcss
fractional change in the distances bctwcca any massive objects present, ccmplcd  with
a similar fractional change in the rates at Ivhich scparatccl  clocks keep time. l’hc
ampliiadc  of a gravitational tvavc is charactcri~ccl  by the ciimcnsicmlcss ‘strain ampli-
tlldc’ h = A//l.

While gravitational ~vavcs can in principle bc pmduccc{  in the laboratory (e.g., by a
steel bar spintling about an axis pcrpcndicalar  to its length), (I)c rcsLllting signal would
bc far too weak to bc dctcctccl with any forcsccablc tcchno]ogy.  l;vcn the waves from
the bin:iry pLllsar 1’S1< 1913 + 16 arc at f:ir too low an :implitadc to bc clctcc[cd clircctly.
ltxtrcmc  astrophysical events involving at Icast solar mass objects uadcrgoing high
acceleration arc rcc]uircd.

Several cxpcrimcntal groups worldwicic arc bLlilding and operating rcscmant  bar and
l:tscr-itltclfcrc)l}lc[cr  gravitational  wave antcntlas,  sensitive to kilobcrt~ waves cxpcctcd
from various (solar-mass) soarccs in our Cialaxy. l(or the millibcrtz frcqucncics cxpcctcd
from larger extra-galactic smrccs, for example from cxtrcmc events in the nuc]ci of
active galaxies, massive binary black holes, or possibly the Rig Bang, wc require
‘antennas ) on a large scale of 1 AIJ or mmc such as the l\ar[h-CIalilco  microwave link
(for gravitational Lvavcs of pcriocl P, the antenna response falls rapiclly  if 1’ is larger than
the roLll~ci-tri]>-ligl~  t-til)lc of tbc link, listabrook  at~d Wahlquist,  1975; llstabmok,  1985).
Scarchcs for millihcr[z gravitational waves can only bc dmc in space. Prcvicms scarchcs
have been performed with the Viking spacecraft, Voyager 1, Pioneer 10, Pioneer 11, and
t hcy have been schcdalcd wit b IJlysscs (Armstrong e( al., 1979, 1987; IIcllings e/ (//.,

1981  ; Aaclcrson  {’l c/1., 1984, 1990a; Andcrscm and Mashhoon,  1985; }istabrook, 1988;
Armstrong, 1989).

lt~~I>lclllcJltatioll of  up-clowII cohcrcnt ,1’-baad  microwravc  links cm Galileo allows for
the first time a spacecraft Ihpp]cr  search at the lo~vcr strain thresholds for which
plaasiblc  astrophysical sources may exist. “1’hc I)SN  has rcccntly installed ,1’-bancl
transmitters, ancl implcmcntccl  carcfal impmvcmcnts  10 the phase stability of the timing
ant{ frcqLlcncy st~bilization electronics of sclcctcd 34-IN radio antennas at all three sites
in California, Australia, and Spain (Pcng, 1988).

‘1’hc Galileo high-gain antenna is schcdulcd  to bc unfarlcd in May 1991, af[cr  the first
l;at’th  cacounlcr,  and just  before the firs[ so]ar opposition (SCC ];igut’c ~ in the com-
panion paper by I lmvard e~ (/1.  (1 992) for a dcscriptim  of cvcn(s important to Radio
Scicncc in general, and the GW search in particular). After ncccssary  spacecraft control
and pointing proccdurc  bavc been tested, a week of continuous ,1’-bancl I)opplcr  data
will bc rcqucstcd for purposes of catcgori~inz thresholds for systcm phase noise and for
dcmcmstrating ground  operations at the 34-111 high prccisiol~ tracking sites. “1’his will also
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bc the first si.gnifictrnt gravitational wave scarcb opporlLlnity, inasmuch as the range on
the l{ar[h-  liarth  lcg of the crLlisc trajectory will have opened rapidly to 73 x 10c’ km -
or 487-s roLllld-trip-ligllt-tilllc. WC calculate the burst sensitivity for 10 m] ]7, waves

(1’= 100s)tobc  =8x10’  “. Similar scarchcs will bc cionc at (I]c sccoI]d  opposition.
November 1992 and third opposition, ]“cbrLlary, 1993.

IJorty-day  gravitational wave scarchcs arc schcclulccl for [)ppm.ition 4 and 5, cl]mutc
to .iL]pitcr. ‘lhc ]ongcr rotllld-tril>-]  igllt-titllcs allow scarchcs for millihcrtz,  waves
(f’ w 100 s) at limits set by the X-band capability. AI Opposition 4, h~ay, 1994, Galileo
will bc 5 x 108 km from l;arth,  3367 scconcis roLlncl-trip-ligth-time; at Opposi[ion 5,
.lunc, 1995, 6.3 x 10s km, or 4233 s rotll~d-tril>-l  igllt-titllc. ‘1’hc cxpcctcci sensitivities for
these 40-day scarchcs arc: for bursts, 5 x 1() 15; for periodic (sine) waves 1 to
3 x lo” ‘(’, dcpcn(iing  m frequency in the millibcrtz band; and for a possible gravi-
tational wave backgmLlnd,  2 x 10 “ (r.m.  s. in 118  /1117 band, limitccl  by IJSN station
stability). If the high-gain antenna is not succcssful]y  dcploycci, these opportLlnitics }vill
still exist at ,S-band, hut l~ith dccrcascd sensitivity.

linatly an opportunity may occur in April 1993 for a joint sJ>acccraft l)opplcr  tracking
cxpcrimcnt. If present plans go through, the Mars Obscrvcr sJ>acccraft will also bc flying
cnroLItc to Mars. It also will have X-band capability, both rcccivc  and transmit. Both

it and ~Jalilco will bc in roughly anti-solar ciircctions,  though  not at strict opposition.
]n fact they will bc suflkicntly scpariitcd in the sky that they can bc simultaneously
trackccl from lJSN  stations at diflcrcnt  lcmgitudcs. A continLloLls ~-week joint  tracking
cxpcrimcnt is being pmposcci. Joint cxpcrimcnts woLIld provide much more convincing

cvidcncc  for any putat ive gravitat ional wave cictcclion  near the system sensi t iv i ty

threshold.

2.3.  hIAss l)l.’lI<.RMINA’l IONS 1’[)1< SMA1l 1101)11.S

‘]’here is t}~c possibility that the Galileo spacecraft may fly C1OSC CIloLI.gh to mc or INCMC

small bodies that a mcaningfal mass cictcrmination  can bc obtained. ‘1’here arc no plans
to fly near small satellites of Jupiter or any knotvn comets, but during two passes through

the astcroicl belt bctwccn Mars and JLlpi[cr,  once near aphclim  in l)eccmbcr  1991 at
a distance of about 2.3 AU, anti again in 1993 on the transfer trajectory bc[wccn }iC1A2
and Jupiter arrival (SCC lJigLlrc 1 of 1 lowarci c1 al., 1992), CIOSC encounters with onc or
two astcroicis  arc likely. “1’hc  accuracy in tbc cictcrmination  of their masses depends on
the ciistancc  of closest approach and m the relative spacecraft-astcroici velocity. ‘1’hc
fractional error in mass is given by the expression,

Ai~I

( )

I)V Av
=kc -

1?1 G!)] 1’ ‘

where t)? is the mass of the astcroici, h is tile impact parameter of the asteroid-spacecraft
hypcrbo]ic  flyby, V is the flyby velocity cm the hyperbolic asymptote, G and c arc the
usual physical constants, A v/vis the accuracy of fractional-f rcqacncy l)opplcr  shift cwcr
[i characteristic time for the flyby ( N IO ~~/v), and k is a dimensionless factor that
cicpcmis m both the geometry of the flyby as observed from liarth,  and the samp]c
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interval for the l)opplcr  data. If b can bc dctcrmincd from optical navigation ciatn to
an accuracy of a fcw pixels, ratbcr  than from a simultaneous llopp]cr  solution for b and
Gm, tbc value of k will lic in the range 0.4 to 1.0, thus it can bc taken equal to unity
for a conservative estimate of tbc mass crmr.

‘1’hc mean cicnsity p of tbc small body is of fandmcntal  intcrcsl,  so both tbc mass
and volume must bc cictcrmincd.  I;or CIOSC approaches to asteroid-sized bmiics, it is tbc
mass (hat limits the cictcmination  of density, hcncc Ap/pis given by the same expression
as Am/i)?. Volume is dctcrmincd by imaging data to smallct’ fractional crmr. ]n order
to minitmi~c the crrcsr Ap/p, it is ncccssary to mininlizc tbc product bV(A v/v). Wc have
no significant control over the flyby velocity, though it is small (of order 8 km s 1 for
the first pass through the astcmid  belt bctwccn  l{GA 1 and I{ CJA2),  bLll the impact
parameter is fairly easy to control by small midcoLlrsc  corrections. l’hc fractional
I)opp]cr error A v/v can bc minimiz.cd  for Galileo by tracking the spacecraft with the
,1’-band Llp]ink  instead of S-band.

l’hc Galileo I’rojcct  has targeted the astcroi(i  951 Gaspra  for a flyby on Octobcr  29,
1991. Unfortanatcly,  the cxpcctcci radiLls of tbc astcroici is oniy 8 km, hcncc the cxpcctcci
Gn~ is smaii, about 4 x 10-4 kms s“ 2 . “1’i~c p]anncci flyby clistancc is 1600 km, and with

14 ~ilc forl]lLlia f o r  AI~I/~~1a  f l y b y  vciocity of 8 km s 1 and a lhppicr error of 5 x 10- ,
yicids an uncertainly of 50(~,. I)c[aiicci nunlcricai simaiatims  witi~ Navigation software
confirm tilis rcsLlit. l: L1rtilcrn~orc, wc i~avc si]own  tilat co] Lcrcnt ,1’-band tracking during
the flyby is an absoiLltc r’cquit’cmcnt, even for a SO>;, clclcrmination. ‘1’hc only possibility
for improving on tilis rcsLllt is to fly cioscr. BccaLlsc the error dccrcascs  iincarly witil the
ciistancc,  a flyby at 800 km woLIIci yicid a cicnsity  cictcrmination  to aboLlt 25~0. With
regard to distinguishing bctwccn a prcciominantly  icy or prcciominantly  rocky con~posi-
tion, 25~, is better than 507.,  but the imprm’cmclll  is probabiy ~l~t S.iwificallt  cnoLlgh
to change the ]’rojcct’s ciccision  for a 1600 km flyby.

~. ]~~pcrinl~ntal t;clcstial IVlcchanics  l)uring tllc orbital ‘1’our

IFor tile first lime wc ilavc an oppmlanity  to conciac~ gravitational invcsligaticms  witil
an orbiter of a giant platlct. Not oniy thal, hat wc expect a i]igh icvcl of performance
from tbc Orbiter’s radio subsystcm, at least wilcn compared to previous missions to ti~c
oLltcr soiar systcm, or even to ti~c Viking Orbitcr of Mars. l:urthcmorc tile IJSN,  with
substantial improvements to its woridwicic network of tracking stations, wiii bc in a
i>osition to take fLlli advantage of Gaiiico’s  improvcci  capabilities. OLtr investigations wrili
rciy primariiy on transponcicci  I)opp]cr anti ranging data, sui>plcmcntcd by grounci -
bascci astronlctric  data on Jupiter anti its satellites, and by star-satciiitc  imaging data
from the orbiter itscif. Ali tilcsc varioLls types of data wiii bc avaiiabic for anaiysis by
means of archiving and software systems uscci by ti~c ~JaiiiCO  Navigation Team. ~’hc
l~oppicr and ranging data gcncratcci by ti~c lJSN  spccificaiiy for the gravitational
invcstip,ations wiii bc transferred to Arci~ivai ‘1’racking l)ata l;iics (A1’l)l;) by tile satnc
proccdL]rcs  and in tile same format as for the Navigation l’cam, tilLls navigational data
and gravitational data can bc merged for subscqLlcnt  data rcdLlction and anaiysis.
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Whcncvcr possible, IXq~plcr  data  \vill bc gcncratcd in the X-hand (w 7167 hfllz
uplink and 84’22 h4117 downlink) for purposes of nlinimi~ing scintillation noise from the
inlcrp]anctary  medium. Similarly, for purposes of nlininli7ing tbc ctTccts of the intcr-
p]anctary medium on the ranging data,  modulation on the X-hand uplink will bc
available m bo[h  the X-hand clownlink  ancl the S-band clownlink  at 2296 h411z. I’hc
lJSN’S ranging assembly (SRA) tit (I]c 34 m stations, cquippccl  with X-band uplink
capability, will autocorrclatc  the pseudo-random code modulated on the uplink with the
rcccivcd  modulation cm the ciowmlink,  ancl simultaneously will clctcrminc the diflcrcncc
(S-A’) in the group clclay of the signals at the two downlink frequencies.

‘1’hc cnd-to-cncl  ranging systcm consists not only of l)SN harciwarc  bu{ also software
USCCI by the Navigation ‘1’cam. ‘1’hc final output of this systcm is S-band and X-hand
ranging residuals in units of microseconds, where the residuals arc rcfcrcnccd to
prcdictccl ranges from a spacccraf( trajectory computed by the Orbit I)ctcrminaticm
Program (01)1’).  }:or details regarding the computation of lhcse range residuals at any
given time of observation, as well as the computation of I)opplcr  residuals, scc h40ycr
(1971).

“1’bc  instrumental accuracy (1 o) of the ranging hardware at a I)SN  station is about
~ 7 ns ( ~ 1 m) for Galileo. I’here is also an unknowm  rang,ing bias, perhaps as large as
80 ns (12 m) bccausc of group delays through the transmission mcclia, through lhc
spacecraft radio systcnl,  and through the transmission path at the station. I’his unknown
bias can bc mininlizcd by calibration of the signal path. l’hc delay throLlgh  the spacecraft
radio systcm, as mcasurccl  prior to launch on a prototype systcm,  is 713 ns at X-band
and 715 ns at S-band, with unknown variations possibly as large as 30 ns bccausc of
cnvironmcnial  conditions on the spacecraft. “1’hc delay through the station signal path,
on the orclcr of 12000 ns, is calibratcci  at least once for each ranging pass, with perhaps
a fcw exceptions when there is no time in the schcd LIlc for station calibrations. I Iowcvet,
it is usually a straightforward matter to interpolate the station calibrations when tbcrc
arc gaps.

A significant portion of the unknown groLlp ciclay is caused by propagation of the
r a d i o  signal  throLlgh intcrp]anctary  p]asma, bLlt most of this contribLltiml  can bc
calibratcci  by means of the dual-hand downlink, l:or an electrostatic plasma, the
observed range rcsidLlals  at X-band and S-band arc. rcspcctivcly,

A[x z Alg i 1’,,/ v: + ]’d/ V;.,, ,

Af, = Alg i 1’,, / V,: i 1’,// V:(! ,

where Alx is the non-cl ispcrsivc group delay inclcpcncicnt of the plasma, 1’ is proportional
to tbc colLlnlnar  electron content of the beam, v is the carrier frcqLlcncy, and the
subscripts u and d refer to the uplink and downlink transmissions. l:or Cjalilco the
common Llp]ink frcqLlcncy can bc either };, = 2115 M11zor  };, = 7]67M]1z..  ~’llcdLlal-
hand downlink transmissions arc at frcqLlcncics  \!Y,, = 841 S Ml 17 and }!,[, = 2296 MI 17..
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“lo the first order, the dowmlink  contribution to the X- and S-band residuals is

1’,, = “’:” “;[’ (Al, - Al,)
(L  -  L)

and with this mcasurccl value of 1’,,,  an estimate of P,, can bc csbtaincd by intcrpolaticm
(MLIhlcman  and Anderson, 1981). WC have made no a[tcmpts  to predict the nature of
(I1c power spectral density for tbc calibrated ranging rcsiciaals  during the orbital phase,
but inslcacl will cmnputc  pcriodograms  empirically from the actual calibrated rcsiclaals
after tbc unfurling of the high-gain antenna.

3.2. ]iX}]l;(”l 1.1) AC:CLJRAC;Y 01 1)01> 1)1 I:lJ. I) A-l A

“1’hc characteristics of the ]Jopplcr noise were ciiscusscd in Section 2.2 for favmablc
gcomctrics with Sun-}iar[h-}’robe (S1il’) or solar clmlgation  angles greater than
160 arc dc,g. Wc expect an All an variance with l’-band  uplink of q,, = 2 x 10- 14, and
about q,, = 10” ‘3 with S-band up]ink, at periods typical of the cclcstial mechanics
invcstigatims  ( >600  s). I(CM Sl\I’ an~lcs ICSS than 90 arc dcg, q,, could bc a factor of
10 to 100 times Iargcr for the rcspcctivc llJiinks,  and for S1;1’ angles ICSS than 10 arc dcg,
wc bavc asked that no critical mcasurmcnts bc schcdulcd at all. ‘J’hc  mcasurcmcnt  of
phase, or equivalently range change, is much more accurate than the mcasurcmcnt  of
abso]ulc range, by a facior of aboul 107 for ,1’-hand,  hcncc tbc  calibration of Ihpp]cr
by means of the dual-band downlink  is fw lCSS cflcctivc than for range.

3.3. NON-GI{AVIJAq  IONAI, ACXX:I,IXA’I’IONS

Another noise source of concern for the cclcstial mechanics investigations is buffeting
of the spacecraft in tbc range of periods from 1000 to 100000 s. lhring the design phase
of the mission around 1980,  wc imposed two rcqL[ircmcnts  on the spacccraf[ as follows:

(1) I> Llring a satellite cncountcr  the orbiter shall not average ncm-mean-zero accelera-
tions greater than 10- 11 km s -2 on any axis when mcasurccl  over a time period of
1000 s.

(2) ‘1’bc uncertainty in the unmodc]lcd  portion of any such llorl-gra}’itatio~lal  accelera-
tions shall not cxcccd 10” ‘2 km s- 2 when measured over any time period excccding
1000 s.

It has yet to bc demonstrated dLlring (1IC orbital phase that these rcquircmcnts  can
bc met, and until wc gain cxpcricncc with real data, the spectral distribution of the .
spacecraft-gcncratcd forces is unknown. 1 )Llring critical periods for the cclcst ial-nlccha-
nics mcasurcmcnis,  reaction forces from spacecraft subsystems could bc minitni~cd by
keeping spacecraft activity to a minimunl, but here again wc need cxpcricncc with real
data  during  the Orbitcr phase before wc can bc definitive on the Icvcl of acceptable
spacecraft activity and before wc can identify particularly troub]csomc spacccraf[
Syslcms.

WC anticipate that the spectral density of acceleration noise from spacecraft systems
will incrcasc with increasing frCCplCll Cy. ]]owcvcr,  bccaLlsc tbc corresponding IIopplcr
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divided by ,~a, Ihc ]X3pJl]cI’ spcchwm  will at best bc white, and it could instead increase
al lcswcr frcqucncics. 111 either case we expect that it will bc cmsidcrably  larger than the
buffeting noise cxpcctcd from fluctuations in the solar wind, and it should  bc larger than
thc~ 3 spectrum from fluctuating solar radiation pressure for periods sbortcr than 10s s
(Woodward  and Iludson,  1983). ‘1’hc I)opplcr  crmr budgcl  is probably dominated by
the approxinlatcl)’~” 1 plasma scintillation spectrum unless orbital fits over several days
arc required, in which case fluctuating solar radiation prcssLlrc  coLlld bc a problcm. 1(
will probably be necessary to fit long arcs of Doppler data with a batch-scqLlcntial  filter,
VdlCrC the Cluration of each batch is on the order of 12 to 24 hr. of course OLIr CLltTClli

evaluation of the spacecraft reaction forces coLIld  be too optimistic if it turns out that
there arc uncxpcctcci low-frequency ccmpcmcnts in the accclcraticm  spectrum, as in the
case of Voyager.

4. Gravitational Expcrimuls  lhring the Orbital ‘J’our

l)uring  (I1c orbital tour, the fundamental problcm for a nLlnlbcr of gravitational cxpcri-
mcnts is to dctcrminc the orbit of the Galileo spacecraft as accLwatcly as possible with
respect to the ccntcr  of mass of the Jupiter system. With this fundamental problcm
solved, wc can dctcrminc parameters of scientific intcrcsl by observing deviations in the
baryccntric  orbit caused by various soL~rccs of gravilalion,  for example the rotational
and tidal distortions of the Clalilcan salclli(cs.  llccaLlsc  the orbital tour will require a
number of midcourse maneuvers in order to achicvc  the desired cncountcr  conditions
with the satellites, oLlr best-dctcrmincd orbit may in fact consist of segments bctwccn
maneuvers, rtrthcr than a ccmtinuoLls spacecraft cphcmcris for the duration of the tour.
1 lVCO so, the orbit dctcrminat  ion accuracy is cxJ>cclcd to bc consist cnlly good rwcr more
than 99%, of the orbital path. l;or  the first time wc arc ranging to an orbiter of another
planet with X-band uplink and dual-band clownlink, also the lXspplcr  accuracy is
improved over prcvioLls missions to JLlpitcr, and wc have the adwrntagc of a spacecraft
with rcdLlccd disturbances from the attitude control systcm,  at least compared to
Voyager.

Before discussing our primary scientific objcctivc of the satellite gravitational fields,
and oLlr secondary objcctivc of tests of general relativity, wc shoLlld point out that an
accurate orbit is nccdcd by other investigation groLIps on ~Jah[CCS. ‘1’hc required satcllitc-
spacccraft gcomctrics will bc dctcrmincd by the spacecraft cphcmcris in combination
with accurate cphcmcridcs  for the satellites. Although this information will bc provided
to the Galileo Project by the Navigation ‘1’cam  in agreed upon formats, it will bc
gcncratcd with the ccmpcration  of our team and with merged files of navigation and
radio scicncc data. In practice the rccrmstr Llctcd trajectory dctcrmincci  by the
Navigation Team for each satellite cncoLlntcr  probably will bc identical to the rcfcrcncc
trajectory used by our team to dctcrminc the valLlcs and 1 0 errors for the gravitational
parameters. By making usc of results gcncratcd by the Navigation ~’cam, as well as
relying on their facilities, wc can procccd with our investigation in the most cost-cffcctivc
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manner. As a bypmcluct,  Cjalilco invcstigatcrrs will rcccivc  the mos[ accurate Jupitcr-
ccntcrcd trajectory possible, for cxamp]c for Ihc analysis of wind pmfilcs  in Jupi(cr’s
atmosphere with the Pmbc-Orbiter I@plcr link (1’ollack e{ al., 1992).

l~oLIr  spacecraft have visited Jupiter on flyby trajectories. ‘1’hc l’ionccr 10 and 11
spacecraft came much closer to Jupiter than Voyap,ci 1 and 2, and in fact the minimal
improvement cxpcctcd from the Voyager flybys caused the Voyager Pmjcct  10 scrub the
Celestial h4cchanics cxpcrimcnt al Jupiter. No radio scicncc data wcrcschcciulcd  for
cclcstial mechanics, although the Voyag,cr  Navigation ‘1’cam schcclulccl enough data to
allow a dctcrminatim  of the flyby mbits forth  ctww Voyager cllcoLl~~tcrs.  Subscqucrltly,
Campbell and Synncrtt  (1 985) combinccl the Voyager navigation data with Pimccr 10/1 1
data archived for the Pioneer Celestial h4cchanics hlxpcrimcnt,  and with (iata from the
four flybys they were able to improve substantially over the final results published by
Null (1976  )forthc I’imlccr 10/11 investigation. ‘1’hc accuracies forthcmasscs of tbc
Galilcan satellites were improved by factors of 3 to 12, but no satellite was ever
appmachcd  close enough to pmvidc even a dctcctim  of scconcl dcgrcc and cwdcr
gravitational harmonics. A summaryof ourcLlrrci~t knowlcdgcof  gravitational para-
meters for the Jovian sys(cm is given in “J’ablcl.

It is unlikely that l)opplcr  data gcncratcd by the I)SN  with the Galileo Orhitcr, even
with ,k’-b and  up and down, will yield improvements of any sigtlificancc to the gravi -

I’AB1,l<. 1

Ckrmbined  J?cmccr 10/11 and Vcryagcr  l/2 gravity results

Parameter” Value Realistic
uncertainty”

GM (Systcm)

GM (10)
Ghl  (Iluropa)
Ghf (~fill~IllCdC)

Ghf (Callisto)

J,
J ,
J4
J,,

x 1 0(’

(’,,
Y~ ??

a (pcrlc)
b (pole)

126712767

5961
3200
9887
7181

14736
1.4

-587
31

-0.03
0 . 0 0 7

268.001

64.504

I 00

10
10

3
3

1
5
5

20
0.05
0.0s

0,005

0,001

“ GM units arc kmf s -2 , a and h in arc clcg arc for the rotation pole
in 1950.0 coordinates, the gravitational harmonics for Jupiter arc
rcl’erred to an equatorial radius of 71 398 km.
“ 1-U realistic errors as opposed to much  smaller formal errors from
a covariaocc analysis
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tational  field of .lupiter. 1 lowcvcr, flybys of Ihc Galilcan salcllitcs will dcfinimly yield
ncw rcsLllts on second-dcgm gravity harmonics for tbcsc satellites. };or purposes of
mission planning of the orbital tour, wc have imposed tlvo rcquircmcnts  on the satellite
flybys :

(1) At least onc cncountcr  with 10, liuropa,  and Callisto with unintcrrLlptcd tracking
at lCSS than 1400 km altilLlclc  and a solar elongation (SIW) angle greater than 10 arc deg.

(2) At least two encounters with Ganymcdc  at varying latitudes with unintcrrLlptcd
tracking at ICSS than 1400 km altituclc and a solar clongatim  (S1;1’) angle greater than
10 arc clcg.

]n addition we have rcqLlcstcd 20 hours of I@plcr data and 10 hours of ranging data,
ccntcrcd on the time of C1OSCSI  approach, for all cncoLIntcrs that satisfy onc of the two
mission rcquircmcnts.  ‘1’hc 10 cncounicr  will of ncccssily satisfy the conditions for a
successful gravitational flyby, although  the cxpcclcd  I)opplcr data will bc of limited

value bccausc  of the schcdulcci JOl  maneuver. Ncvcrthclcss  we expect to measure
diflcrcnces in the principal moments of inertia for 10 to an accuracy of onc percent or
better. It should  bc possible to discriminate bctwccn  plausible interior models for this
satellite. l’crhaps in combination with imaging data cm its shape, a good model can bc
dcvclopcd for the chemical composition and physic:tl size of 10’s core and cnvclopc
rcspcctivcly (for a discLlssion  of these mcasurcmcnts  of Galilcan satellite interior strLlc-
turc scc 1 luhhard  and Anderson, 197S).

]n rcquircmcnt (2) on the flyby ccmdi(ions for Ganymcclc,  wc have rccognizccl that
the satellite is likely to bc in hydrostatic cquilibriLlnl, and that an indcpcndcnt  dclcrnli-
nation of the rotational and tidal response can bc achicvcd  by two flybys, cmc in a near
equatorial orbit and the other in a near polar orbit. So far the mission planning for the
orbital tour has been able to provide these two flybys. “1’})c  constants  that wc will

measure directly arc G[ C - (A + B)/2]  and G(B - A ), and with G known to four or five
significant figures from laboratory Cavcndish cxpcrimcnts, the diflcrcnccs in the
moments will easily bc accurate to tcn pcrccnt. Onc pcrccnt or better is Iikcly with
.l’-banci up and down. I’bc two Ganymcclc  flybys schcciulcd for gravity harmonics
should give rcasonab]y definitive information about interior structure for’ ~Janylllcdc.

UscfLll gravity data is also cxpcctcd for liuropa,  although there is a possibility that
clcparturcs from hydrostatic equilibrium may confuse the issue for this satellite (see
1 lubbarcl  and Anderson, 1978). ‘1’bc cxpcrimcnt is most marginal for
satellite Callisto with its relatively weak response to rotation and tides
second-dcgrcc gravity harmonics will bc dctcrmincd for Callisto, and
useful information will bc forthcoming.

4.2.  ‘1’1;s’1s 01 GI;NI.RAI. RI I.A’I 1VI’ I %

hc  outermost
Iivcll so, the

~crhaps some

Subsequent to some of the early radar  and spacecraft ranging cxpcrimcnts in the mid
to late 1960’s, there has been a continuing interest in testing genera] relativity by means
of planetary orbiters or ]andcrs (Will, 1981). ‘1’hc idea is to usc the l~opplcr and ranginp,
data to a spacecraft anchorccl to a planet for purposes of ranging to that planet to better
accuracy than can bc achicvcd  with radar bounce. In the case of Jupiter, spacecraft
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ranging is the only tcchniquc presently availab]c  for measuring the clistancc bctwccn  the
ccnlcr  of the liarth  and the ccntcr  of Juphcr.  Pioncct’  1(1 providccl a range fix cm Jupiter
for 4 l)cccmbcr,  1973 to an accuracy of j 6 km, and Pioneer 11 providccl a similar
mcasurcmcnt  a year later on 3 I)cccnlbcr,  1974 to an accLlracy of f 1.5 km (Standish,
1990). ‘lbc more sophisticated radio systcm  on Voyagct’,  inc]Llding  its ransing  transpon-
der and dual-band (S and X) downlink, provided even more accurate cphcmcris data
on S March, 1979 for Voyager 1 and 9 July, 1979 for Voyager 2, although the analysis
of these Voyager data is still in progress at JPI,.

~’wo or more years of ranging to the Galileo Orbitcr will provide nunlcroLls  range fixes
on J upitcr to an accuracy on the order of 150 m, where the limiting accLlracy is set by
the orbit determination crt’or along the l{arlh-JLlpitct’ line, not by the instrumental ct’ror
of the ranging systcm. In combination with the earlier radio mcasurcmcnts  with Pioneer

.

and Voyager, as WCII as radio and optical data from liarlh-based observatories that
provide an.gLdar  positions on the sky, a much improved cphcmcris for the planet will bc
available by early 1998. ‘1’hc nlos~ immediate applicalim  of an improved Jupiter cphc-
mcris will bc to improve our knowledge of the pcr(urbations  caused by .lupitcr on Ihc
orbits of the inner planets, particularly h~ars, with the rcsLllt that cxisling data, for
example ranging mcasurcmcn~s  to the Viking landers, will bc more sensitive to small
general relativistic orbital corrections, and to perturbations by asteroids.

It will bc possible to measure the cxccss  time delay in the Galileo ranging modulation
caused by solar gravity. I’hc detailed nature of this relativistic effect was first pLlblishcd
by Shapiro (1964), and it has since been Icslcd several times by radar and spacecraft
ranging. I%c most accurate cxpcrimcnt with the Viking Orbitcr and 1.andcrs  agrees with
the prediction of General Rclativitiy  to ~ 0.1 ~0 (Rcascnbcrg  et al,, 1979). l;or ray paths
that pass near the Sun, the extra roLlnci-trip delay is given by (Will, 1981),

where re is the SLln-liarth  distance, r,, is the Sun-spacecraft distance, and riis the impact
parameter, the closest approach distance of the ray to the ccntcr of the SLIn. ~hc

gravitational radius is Rci =- 2Gfi4/c2,  where M is the solar mass and R(J = 2953,25 m.
“1’hc cxccss relativistic time delay is maximum for ray paths that graze the Sun, and ,

at the distance of Jupiter it amounts to 271 ps. Wc expect to dctcrminc the liarth-
spacccraft  distance to ] 50 m, so a mcasurcmcnl  of the cxccss  time delay to aboLlt 0.5 ~0
seems feasible. Although this is about a factor of five ICSS accLmatc than the Viking rcsull,
it is important to rcmcmbcr that only onc solar col~junction for Viking yielded f 0.1 ~0
accuracy. Othcr published tests from raciar and spacecraft ranging arc accurate to at
best ~ 2% (for a compilation of rcsLllts scc Will, 1981). With Cialilco, the cxccss  delay
At can bc measured annually at each solar colljLlnction  for the duration of the mission.
‘Ilcrc is justification for dctcmining  A[ to the sub- 1 ~, lCVC1 more than once, simply from
the standpoint of good cxpcrimcntal practice, bLlt in addition the prcdictcd effect can
bc tcstccl for a fairly wide range of directions in incr[ial space by means of the sitlglc
Viking mcasurcmcnt  plLIs two or more Galileo n~casLlrcnlcnts.
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Another cxpcrimcnt of possible interest is the mcasarcmcnt  of the rcdshif(  in the
spacecraft’s oscillator (U SO) causccl by the gravitational field of Jupiter. After radiation
hardening of the crystal by Jupiter’s charged-particle cnvimnmcnt,  particularly during,
the C1OSC approach at the orbital ractiLls of 10 for JOI, the rcdshift will bc mcasurcct  for
each orbital revolution to an accuracy of about j 1 ~..

liinally, wc SI1OU1CI  mention the possibility of measuring general relativistic ctTccts on
the orbits of the Galilcan satellites an(i the spacecraft as discussed by JIiscock and
1,inclb]onl (1 979). ‘1’here is no doubt hut that the cphcmcridcs for the Galilcan satellites
will bc improvccl  by star-satellite imaging data and by spacecraft ranging data during
a C1OSC satellite cnccmmcr.  1 Iowcver,  it is unknown whether the relativistic components
of orbital precession for the satellites can bc isolated from the far larger Newtonian
processions. All wc can do is to perform enough data analysis to find out. similarly  with
X-band lhpplcr up and clown, the analysis of 1 liscock and l,inctblcrm saggcst  that the
relativistic parameter /? (SCC Will, 1981, for a definition) can bc dctcrminccl  to better than
j 20 ‘~, fron]  the spacecraft’s motion, and given fractional frequency stability of
A v/v : 5 x 10- 15 at solar opposition, the crrm on ~ could bc as small as j 3 ~.
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